Abstract. 2014 The aim of this paper is first to describe the nuclear microprobe and to present the analytical capabilities of the different methods involved in nuclear microanalysis resulting from the interactions between the incident ion beam and the solid target, such as proton induced X-ray emission, proton induced gamma-ray emission, Rutherford backscattering spectrometry, non-Rutherford scattering, elastic recoil detection and nuclear reaction spectrometry. The respective analytical performances are also discussed. The second purpose of this paper is to illustrate some aspects of nuclear microanalysis applications from materials sciences to earth sciences and life sciences, using recently published data. Thirdly, both recent developments and further progresses in nuclear microprobe technology are detailed regarding as well ion sources, beam focussing as associated microscopic techniques, detection devices and data processing.
Introduction
It is now possible to easily obtain electron, ion, X-ray and laser microbeams. Over the past ten years, microanalysis has become a common tool for materials study and characterization in a huge number of research and industrial laboratories around the world. Progress is still running and nanoanalysis will become a common expression within the next ten years. Surface and bulk solid investigations are always based on the following dual principle: excitation of the target atoms by the primary probe and occurrence of secondary radiations -detection and processing of the analytical signals.
This paper deals with nuclear microanalysis in which a microbeam of MeV light ions such as protons, deuterons or helium-ions, is focussed on a target surface, producing atomic and nuclear interactions and leading to the emission of electromagnetic radiations and charged particles in the energy range keV-MeV Tandem) or by a cyclotron. After transmission through object slits, the ion beam is focussed down to a few micrometer square using electromagnetic quadrupoles [2] . The microbeam hits a target placed in a vacuum chamber equipped with an optical microscope, scanning plates and various detection devices [3] .
The nuclear microprobe facility of the Pierre Süe Laboratory is schematically displayed in Figure 1 . Interactions between the incident ions and the target atoms generate secondary electrons, X-rays, scattered particles, gamma-rays and nuclear reaction products which are detected using appropriate energy-dispersive solid detectors: Si-Li detector for X-rays, hyper pure Ge detector for gamma-rays and silicon surface barrier detectors for charged particles (Fig. 2) . Thus, several analytical methods, which are described in the next section, can be performed simultaneously from proton induced X-ray emission (PIXE) or proton induced gamma-ray emission (PIGE) to Rutherford backscattering spectrometry (RBS), proton or helium enhanced scattering analysis (PHESA), elastic recoil detection analysis (ERDA) and nuclear reaction analysis (NRA). A recent review written by Revel nuclear interactions, the first one corresponds to radiative capture, the second to nuclear reaction and the third one to inelastic diffusion. Typical gamma-ray energy ranges from 100 keV to 5 MeV, and exceptionally rises up to 10-20 MeV One of the most difficult problem to solve with PIGE is to avoid energy interferences in gamma-ray energies. Practically, PIGE permits to determine the isotopes of light and medium elements from Z = 3 to Z = 17 in bulk solids with detection limits lower than 0.1 wt.% [6] . The gamma-ray yield is derived from an equaticn analog to equation (1) assuming that the attenuation process can be neglected in first approximation:
Gamma-ray emissions induced by deuterons (DIGE) or by helium-4 ions (AIGE) have also been largely developed [7] . In the case of Rutherford backscattering, the energy of the mo ion scattered in the direction 0 by a target atom Mi is derived from the incident ion energy by: Ei = KiE0 (3) with Ki the kinematic factor, Mi and mo the respective masses of the target atom and the incident ion (see also Fig. 4 ). The expression of the Rutherford cross-section is largely discussed in [8] , it exhibits strong dependences with Z?, 1/ sin4 e /2 and 1/ E5' Figure 4 also describes the elastic scattering process occuring in a solid target versus depth. The incident ion (mo, Eo) colliding with a surface target atom (Mi), is scattered in a direction 9 with respect to its initial direction. The scattered ion carries an energy Ei = ¡¡Eo. Another incident ion penetrates into the sample to the depth x, looses part of his energy AEin = (Eo -Eô), collides with a target atom Mi and is finally scattered in the same direction 9 as the previous one. It starts with an energy K¡ Eb, looses part of its energy before reaching the target surface which it leaves with an energy Ef such as AEout = Ef -KiE'0. Thus, the energy depth relationship can be easily deduced from the whole process:
The backscattering yield Yi is in first approximation directly proportional to the concentration Ni of the target atom Mi. For a thin target, the equation is: For a thick target, equation (6) [6, 9] . PHESA has been recently applied for the characterization of light element thin films deposited on mineral substrates [10] . Er == !{( Eo (7) The relationship between the scattering angle and the recoil angle is given by:
A recently published book is exclusively devoted to elastic recoil spectrometry theory and applications [11] , with a complete analysis of the experimental parameters involved, such as the recoil cross-section which does not obey the Rutherford model for the collision 4He+/1 H. ERDA is currently applied for hydrogen profiling in solids using [2] [3] [4] MeV helium-4 ions with detection limits of the order of 50 wt. ppm [11] .
2.3.6 Nuclear Reaction Analysis. Nuclear Reaction Analysis is based on inelastic collisions between incident ions and target nuclei, leading to the formation of a reaction product together with a residual nucleus generally different from the initial one. Table IV contains the main nuclear reactions used for light element isotope determination. Two specificities of nuclear reactions must be outlined: the occurrence of nuclear resonances with strong increase of the reaction cross-section and the analytical interest offered by heavy ion induced nuclear reactions (Tab. V).
In the case of a non resonant nuclear reaction, the reaction yield is simply expressed by: Figure 5 gives examples of typical spectra obtained on a glass (70 at. % Figure 5f is composed of several energy zones, each corresponding to a specific nuclear reaction: (d, p) reactions on 160 and 12 C in our case. The shape of the zone is the image of the depth distribution of the analysed element. The narrow carbon peak corresponds to the nuclear reaction events occuring within the surface coating.
The quantitative interpretation of such spectra is generally based on "simulation-iteration" computer programs including a complete description of all the basic physical processes involved. It also requires the knowledge of the target contents for major elements for a correct modelling of energy loss and attenuation effects [11, [13] [14] [15] [16] [17] . [18] [19] [20] [21] . In the following sections, we will try to briefly illustrate the analytical capabilities of nuclear microanalysis in different fields [21] ).
For example, Cachoir and coworkers studied the alteration mechanisms of bulk uranium dioxide by a granitic groundwater in order to determine the nature of secondary phases able to control its solubility. Under oxic conditions they have found that U02 solubility is governed by the crystallisation of U(VI) hydrate: schoepite. A micro-PHESA spectrum is given in Figure 6 showing the splitting of both uranium and oxygen steps corresponding to the presence of a few 03BCm partially dehydrated U02(OH)2 crystal onto the U02 surface [22] . 3 .2 EARTH AND PLANETARY SCIENCES. -Earth sciences applications of nuclear microprobe include trace element geochemistry, earth structure and geological processes studies (see Sect. VIII in [21] ). Cosmochemistry has been also considered for a long time as a potential application field for nuclear microprobe analysis, essentially through meteorites characterization [23] .
Strong efforts are now devoted to the study of platinum-group minerals in order to understand their formation mechanisms. Criddle and co-workers combined electron probe microanalysis and microPIXE to investigate the distributions of platinum-group elements in samples from the collection of the Natural History Museum in London [24] . Figure 7 gives an example of the data they obtained on a compound grain of Pt-Fe alloy and osmium bearing ruthenium from the Esterly mine, Oregon, USA. Darker regions in the maps indicate higher concentrations of the elements. The Pt-richest regions rarely exceed 20 wt. ppm. Elemental mapping demonstrates the extreme inhomogeneity of the grain with platinum-rich zones within its ruthenium-osmium host alternating with platinum-poor zones. The authors found that microPIXE seems to be more useful than sample and a reference U02 sample (unleached): protons 3.47 MeV, beam spot = 10 x 10 mm 2 current = 100 pA, dotted line = schoepite spectrum, full line = reference spectrum (data from [22] ).
EIXE as an exploratory tool in rapid analysis of such complex materials, essentially due to the better detection limits available.
3.3 LIFE SCIENCES. -The use of 1 03BCm2 proton microbeam in life sciences gives rise to relevant applications in the field of cell biology or medicine (see Sect. VII in [21] ).
For example, in a recent review Watt and Landsberg reported data concerning the control for patients suspected of heavy metal poisoning [25] . Hair strand cross section were mapped using microPIXE (Fig. 8) . Hair was taken from a patient known to have clinical symptoms corresponding to lead poisoning. Ca, Cu, K, Si and Fe are identified with contamination caused by external sources, relatively to internal constituents of hair with uniform distributions as S and P The contamination level goes from a few wt. ppm for Pb to hundred of ppm for Ca and Si.
The contamination process is not homogeneous because poisoned hair is enriched in Fe, Si and Ca around its perimeter while Cu contamination is quasi uniform inside the hair. Pb has a typical distribution which is low in the centre of the hair and increases slowly towards the perimeter. This perhaps reflects the metabolic mechanism in which heavy metals are sequestered in the hair by means of a transcellular route through the root sheath. In the poisoned hair, the average content of lead is 13 wt. ppm and in a normal hair it is not higher than 3 ppm.
3.4 HUMAN SCIENCES. -Archaeometry and arts also constitute a typical application field of nuclear microprobe, located at the crossing between materials and life sciences (see Sect. XI in [21] Figure 9 [26] . This skeleton was burried in a lead sarcophagus and nuclear microanalysis data show that lead was strongly incorporated in the calcium phosphate matrix, leading to a decrease of the alteration of the bone tissue in terms of both alkali ions and organic fraction losses due to the precipitation of mixed Pb and Ca phosphate and carbonate. Figure 5a . The data is presented as raw counts per channel and is not background-corrected (data from [24] (10-15 A in 50 nm diameter probe) [27] . 3D elemental distributions can be obtained using energy loss or X-ray spectroscopies.
Ion microtomography (IMT) constitutes the extension of STIM combined with a spatial rotation of the sample under investigation [28] . lonoluminescence (IL) is based on the detection of light photon emission induced by the incident ion bombardment [29] .
2D images and data on the electronic configuration of excited atoms can be obtained. Ion beam induced current (IBIC) is similar to EBIC technique that is largely used to study semiconductor materials [30] .
Channeling techniques have been extensively developed for studying defects in monocrystalline and polycrystalline solids [31] . Single ion techniques seem to offer interesting opportunities to study the behaviour of basic functional units of microelectronic circuits under irradiation or the radiation sensitivity of the constituents of biological cells [32] . [26] ). 4 .2 BEAM TECHNOLOGY. -Ion optics and ion sources benefit fromvaluable developments in order to improve the spatial resolution (0.1 03BCm) and to increase the probe brightness [33] . Strong efforts are devoted to the limitation of parasitic aberrations for focusing lenses (see Sect. II in [21] ). The use of high energy heavy ions focused beams appears as a very promising research axis [11] . 4 .3 DATA PROCESSING AND DETECTION DEVICES. -Recent progress also concerns the development of computing codes for data handling and probe control (see Sect. III in [21] 
